Nerve conduits and acellular nerve allograft offer efficient and convenient tools for overcoming unexpected gaps during nerve repair. Both techniques offer guidance for migrating Schwann cells and axonal regeneration though utilizing very different scaffolds. The substantially greater amount of animal and clinical data published on nerve conduits is marked by wide discrepancies in results that may be partly explained by a still poorly defined critical repair gap and diameter size. The available information on acellular allografts appears more consistently positive though this tool is also hampered by a longer but also limited critical length. This article reviews the current relative literature and examines pertinent parameters for application of both acellular allograft and nerve conduits in overcoming short nerve gaps.
Introduction
Peripheral nerve injuries occur in as many as 3 % of all trauma patients and, also, as the result of surgery, either in oncologic resection or inadvertently [41] . Despite four decades of research on nerve regeneration, clinical outcomes following peripheral nerve repair are unpredictable and often unsatisfactory [57] .
When possible, end-to-end repair of severed nerves remains the standard of care; however, regenerating axons are unable to traverse scar tissue or disorganized intraneural architecture within the zone of injury [11, 39, 57] . In order to allow normal regeneration, the resection of damaged nerve segments is often necessary, but debridement may result in gaps which cannot be closed without tension. High tension closures are now well understood to inhibit Schwann cell activation and axon regeneration [58] . Indeed, nerve stretch greater than 15 % compromises tissue perfusion and results in ischemic damage with further scar generation [10, 57] . It is often the case, then, that the surgeon must choose between an inadequate debridement and creating a gap that must be bridged.
Failure to recognize the zone of injury and reticence to sacrifice a donor nerve are likely culprits in under-resection and high-tension closures [59] . However, in recent years, the availability of more convenient repair tools in the form of "offthe-shelf" nerve conduits and acellular nerve allograft allows efficient management of unexpected gaps. For these new tools to be used effectively, their limitations and appropriate application must be appreciated.
Nerve Conduits
The concept of using a tube to connect two severed nerve stumps is inherently simple and appealing: nerve stumps are pulled into the ends of a tube-or tube like structure-which restricts the direction of regenerating axonal processes towards the distal nerve segment while at the same time protecting the regenerating axons from intervening scar tissue or trauma. The protected microenvironment created by the conduit contains an enriched milieu of concentrated neurotrophic factors [13, 29] . A fibrin clot forming between the nerve stumps acts as the scaffold to support the essential migration of Schwann cells and, subsequently, axons [43, 56] .
The potential benefits of an "off-the-shelf" conduit include no donor deficit, avoidance of two suture lines, convenience, and proven effectiveness in the right situations. Though there is support for using blood vessels to bridge short gaps [4, 8, 53] , harvesting the graft may still require additional time and a second surgical dissection. One study failed to demonstrate any cost savings in harvesting a vein graft compared with using a commercially available conduit [40] . Suture lines (between a formal nerve graft and nerve stumps) are opportune to technical errors resulting in scarring or poor fascicular alignment. With a conduit, axons still have to transition from neural architecture, to fibrin clot scaffolding, and back to neural architecture. Though serial transitions are theoretically opportunities for axon escape or loss, Evans et al. demonstrated that this arrangement may actually encourage end-organ specificity. In a rodent model, purposely malaligned sciatic nerves recovered better if fixed with a conduit than if directly sutured [18] . Schwann cells are essential to guide axons between these transition sites.
Current FDA approved commercially available conduits in the USA are made of either polyglycolic acid (PGA), collagen, or polycaprolactone (PCL). These materials share the common characteristics that they are semi-rigid, to resist collapse and kinking; semi-permeable, to allow the diffusion of oxygen and nutrients to support nerve regeneration; and absorbable. Historically, nonabsorbable conduits, such as silicone, while effective in supporting nerve regeneration, eventually produced an inflammatory reaction and scarring around the nerve. The resultant irritation often required a second surgery for tube removal [31, 32] .
In general, there is supportive data for all three conduit materials. Efficacy of collagen and PGA tubes has been demonstrated in primate models [1, 15] , though a recent rodent study indicated that polycaprolactone conduits outperformed the other two materials [45] . In this study, the PGA group performed the worst with inferior axon regeneration and several tubes collapsing, but this may have been related to poor sizing of this conduit for the rat sciatic nerve being repaired (the company did not make a conduit small enough diameter for this nerve so the authors used a tube that was too large). Polycaprolactone (PCL) does have a longer degradation life and its crystalline structure remains impermeable to fluid longer than the other two available synthetics [46] . This potential biological advantage, however, must be weighed against challenging handling characteristics. Polycaprolactone tubes are so rigid that passing a microsuture through the wall can be difficult, and concerns about extrusion, fistula formation, and foreign body reaction, especially in areas of thin overlying tissue or around joints, have been raised [7, 14] .
Conduit Application
With no convincing clinical data that one commercially available conduit is better than another, the important parameters to keep in mind when considering conduit repair are nerve diameter and gap size. The working length seems to be the most hotly debated topic with most published recommendations indicate a high level of effectiveness for gaps up to 3 cm though repair of even longer gaps has been reported. For small gaps, supportive evidence for conduit effectiveness is quite strong. Median and ulnar nerve repairs approximated with silicone conduits over a 5-mm gap recovered equivalently to primary repairs [31] . Rinker and Liau reported 36 digital nerve repairs using conduits to overcome an average gap of 9 mm and Taras et al. reported on 22 digital nerve repairs (mean gap of 12 mm) with consistent, good results [40, 51] . Haug et al. utilized a battery of tests including functional assessment, sensory testing, ultrasound, and electrodiagnostic testing to conclude that "acceptable" results were obtained in 60 % of 45 digital nerve repairs with average gap of 12 mm and range up to 26 mm [21] (though his scale of "acceptable" was less stringent than others). However, when the focus is shifted to the results of conduit repair across longer gaps, successful regeneration can occur, but the outcome is much less predictable. Weber et al., in a prospective human study comparing autograft to conduit repair of digital nerve injuries, concluded that conduits were superior for defects of up to 3 cm. Deeper analysis of this study, however, reveals that the longest defect in the study was only 25 mm and the average gap size only 7 mm (±5.6 mm). The quality of recovery decreased with longer gaps and one third of repairs for gaps between 5 and 25 mm had poor outcomes [54] . Lohmeyer et al. reported 75 % success in all conduit assisted digital nerve repairs but complete failure in all repairs with a gap greater than 15 mm [28] . Other reports have been even more pessimistic regardless of gap size. Chiriac et al. looked at 27 nerve repairs throughout the upper extremity utilizing PCL conduits for gap sizes averaging 11 mm (up to 25 mm; and diameters ranging from 1.5 to 4 mm). Only six patients, five of which had digital nerve repairs, had satisfactory outcomes [7] .
Nerve diameter may also be an issue with conduit efficacy. Though conduits have been shown to support major peripheral nerve regeneration in a primate model, the macaque monkeys used in these studies are comparable in size to a large house cat. Additionally, support of major peripheral nerve repairs has been definitively demonstrated in humans but for very short 3-5-mm gaps [31] . More recently, Dienstknecht et al. reported on nine median nerve repairs using conduits for defects of 1 to 2 cm. Six patients obtained M4 intrinsic muscle recovery and seven patients had static two-point discrimination of 10 mm or less [16] . Interestingly, all patients suffered sharp lacerations (glass, knife, etc.) and all were fixed in less than 18 h raising some question regarding whether a true gap existed. Conduit assisted repair of major peripheral nerve repairs with more legitimate gaps is less optimistic. Chiriac et al. only reported acceptable recovery in 1 out of 12 conduit assisted major peripheral nerve repairs [7] . Moore et al. reported on four out of four major peripheral nerve repair failures and recommend against their use in that particular clinical scenario [34] . Donoghoe et al. cable grafted four separate 2.3-mm diameter conduits to reconstruct two separate 3-cm median nerve defects. Though two-point discrimination and abductor pollicis function reportedly recovered in both patients, patient #2 had no recordable signals during follow-up electrodiagnostic testing [17] leaving some room for skepticism.
Fibrin clot instability seems to be the primary factor leading to these conduit size limitations ( Fig. 1 ). This theory has been validated in the lab by Lundborg three decades ago who demonstrated loss of fibrin stability with an increasing distance between nerve ends within a silicone nerve tube [30] . Failure to predictably form a fibrin clot means that Schwann cells and axons would not have a scaffold to guide and support their migration across the conduit.
Regardless of the size of the nerve being repaired, the selected conduit diameter should closely fit the stumps. The use of an undersized conduit is not only conceptually poor given the likely resultant constriction of the regenerating nerve, but also technically difficult (to squeeze the stump into a tight conduit) [12, 33] . Asymmetrical fibrosis of the two nerve stumps may create a challenge in choosing an appropriate diameter conduit, though most often, "size-mismatches" are a result of erroneous estimation and judgment by the surgeon. If an oversized tube were mistakenly chosen, however, the cost of replacing the tube with a smaller size would be a substantial obstacle and in many cases the larger tube would be accepted. Despite the theoretical risk of this decision-loss of the protected microenvironment-there is almost no data on the potential consequences. The only paper identified on this topic was from 1968, and studied silastic tube repairs of canine and primate nerves. The authors suggested that the conduit should be two and one half to three times the diameter of the nerve though in a somewhat contradictory and minimally helpful statement, the authors recommended achieving a "watertight seal [45] ." We looked at this in a rodent sciatic nerve (1.5 mm diameter) repair model in which a 10-mm gap was bridged with either autograft, or a 1.5-mm, 2-mm or 3-mm collagen nerve tube. Similar to Shin et al.'s observations, the oversized (3 mm) tube suffered from collapse and failed to adequately support axons. The 1.5-mm fitted conduits did function best suggesting that this previously underappreciated parameter is important and might explain some of the unpredictability and inconsistencies associated with conduit use.
Allograft
Based on the data available, properly sized conduits are effective bridging tools for 1 to 2-cm gaps in small diameter nerves. However, as many injuries involve larger diameter nerves or larger defects, other options would be beneficial. Since the primary weakness of conduits is the reliance on fibrin clot formation and stability, a significant advantage in an alternative bridging tool would be to provide internal architecture that could provide the crucial scaffolding to support Schwann cell and axon migration [3] . This architecture can be found in nerve allograft (Fig. 2) .
The idea of using nerve allograft has obvious appeal since it could offer many of the benefits of conduits (off-the-shelf convenience, avoidance of a donor defect, "unlimited" supply) but might offer superior axon support and potentially even some neurotrophic factors or guidance cues. Unfortunately, substantial immunogenicity in human nerve tissue necessitated the concomitant administration of immunosuppressive agents [38] . Though there is data to support this approach as potentially effective, the toxicity of these agents hindered routine use of donated human allograft and its use was relegated to extreme clinical situations or investigational research [35] .
Advances in tissue processing, however, overcame this obstacle with the development of detergents and protocols capable of decellularizing and removing immunogenic components from nerve allograft. The removal of Schwann cells is unfortunately critical to creating an immunotolerant product, and, probably, also represents the most significant deficit in this product. However, nerve architecture and guidance cues in the form of laminin are preserved. Though without cells, Wallerian degeneration and the clearing of endoneural tubes will not occur, axon remnants and other inhibitory proteoglycans are removed during processing [27, 37] . Schwann cells are still crucial to axon regeneration and must still migrate from in situ nerve stumps into the nerve allografts to support this activity.
Compared with nerve conduits, there is only a fraction of animal and clinical data available on acellular nerve allograft. Further complicating the interpretation of the available literature is that many labs do not investigate the same material being used clinically. While the only FDA approved acellular allograft available to surgeons (in the USA) is produced from a single company (AxoGen, Inc., Alachua, Florida), labs are studying acellular allograft prepared by a variety of methods including cold preservation, freeze-thaw cycling, irradiation, lyophilization, and detergent preparations which may result in variable graft performance [22, 35, 36, 47] . AxoGen prepares their product by combining proprietary detergent processing and gamma irradiation of human nerve allograft designed to minimize microstructural damage while removing cellular remnants. Further enzymatic removal of chondroitin sulfate proteoglycan from the endoneural tube system is felt to further enhance axon regeneration [35, 37] . There are a few clinically relevant rodent studies that compare acellular allograft (AxoGen, Inc.), with commercially available conduits, and autograft (or isograft). Whitlock et al. found similar functional recovery for allograft and isograft repairs across a 14-mm defect though isograft was superior at 28 mms. The conduit was inferior at 14 mm and demonstrated no recovery when used to bridge a 28-mm gap [55] . Mid graft (conduit) histologic analysis showed equivalent axonal densities and distributions between allograft and isograft at both lengths, but diminished regeneration, especially in the 28 mm group, for conduit repairs [25] . Guisti et al. performed a similar evaluation though with a 1-cm gap and evaluation time points of 3 and 4 months. Equivalent muscle recovery and histology were reported for allograft and autograft repairs at 3 months and, although the histologic similarities were maintained at 4 months, muscle recovery was slightly better for the autograft group at this later time point. The conduit group again consistently underperformed at both time points [20] .
There is limited human data available at this time as well (Fig. 3) . A study conducted at the Mayo Clinic looked at ten sensory nerve repairs in the upper extremity with gap sizes ranging from 0.5 to 3 cm and noted consistently good results with all patients recovering two-point discrimination of 6 mm or better [26] . The majority of the available outcome data comes from a data acquisition study sponsored by AxoGen, Inc., but involving 25 surgeons across 12 different sites and including data on 76 nerve repairs broken down into 49 sensory, 18 mixed, and 9 motor nerves. Graft lengths ranged from 5 to 50 mm and averaged 22 mm. Though (as often occurs with nonprospective multicenter studies), a variety of assessment measurements were used across the different centers, 87 % of patients achieved M3 or S3 (Medical Research Council grading scale) or better. When broken down further, 9 out of 19 patients obtained M4 or M5 recovery-the true goal of surgical treatment of nerve injuries. These outcomes are comparable to results associated with most upper extremity major nerve repairs [19, 42] . Results were consistent across gap sizes, timing of repair, mechanism of injury, and age of patient. There were no complications related to this relatively new technology and, according to the responsible surgeon, the four revisions were due to inadequate resection of the "zone of injury" of the nerve [5] . Most recently, Taras et al. published their experience in 18 digital nerve repairs utilizing acellular allograft for defects averaging 11 mm. Two patients with repairs of 28 mm and 30 mm were among the 15 out of 18 good or excellent results [50] .
The primary drawback of acellular allograft is the dependence on in situ Schwann cell migration into the graft [35, 48] . This migration process is restricted by a gradual quiescence of the Schwann cells which may limit the ultimate effective length of the allograft. Saheb-Al-Zamani et al. demonstrated this utilizing a transgenic rat model (in which axons appeared fluorescent green under a fluorescence-enabled microscope) and comparing axon regeneration over various lengths of acellular allograft and isograft sutured together (for up to 60 mm). In addition to decreasing axon regeneration with increasing allograft length, immunostained cellular senescence markers appeared upregulated at the portion of the Fig. 3 Digital nerve repaired with acellular allograft allograft where axon regeneration ended [44] . Other disadvantages compared with conduits include the need to keep acellular allograft frozen until implantation and the need to suture them end to end (just like with autograft). These storage requirements limit the potential "off-the-shelf" availability and, at the very least, create additional overhead costs. Though the allograft material with its slightly "denser" feel compared with autograft has favorable handling characteristics (compared with the flimsy sural nerve autograft), end to end coaptations seem more prone to technical errors (such as poor alignment or overtightening so that fascicles are pooched to the side) which certainly inhibit axon regeneration. Using a nerve conduit as a connector (without a true gap) between the acellular allograft and nerve stump may alleviate this disadvantage [24] (Fig. 4a-b) . The same technical challenges apply to repairs with autograft as well.
Though acellular allograft length seems to be limited by the Schwann cell migration problem, this critical gap size is not known. A subgroup of twenty patients with allograft repairs between 30 and 50 mm extrapolated from the multicenter data acquisition study had a 90 % rate of meaningful recovery (S3-4 or M3-5) [9] . Though a 7-cm allograft is available, there is no published outcome information on this size at this time.
The optimal allograft caliber is also not known. The central necrosis and resulting intraneural scarring that occurs in nerve autograft whose thickness exceeds oxygen and nutrient penetration depths should not affect acellular allograft which does not contain living tissue. However, Schwann cells and axons do have metabolic demands that must be met by either diffusion or neovascularization. This process, however, has not been well delineated and it is not clear whether repair of a large diameter nerve is best accomplished with multiple thin allografts (stacked into a "cable graft" such as the current recommendation for autograft) or one thick allograft. Tang et al. tried to answer this question in a rodent model in which they compared sural nerve cable grafts with a single thicker acellular allograft and noted that the thicker graft was better [49] . However, this study is limited by the technical difficulty of creating a multistrand cable graft with rodent sural nerves and the fact that even a "thick" single graft of rodent nerve is far below the threshold of the diffusion hurdle.
Efforts to populate acellular allograft with pluripotent or neurosupportive cells are taking place in many peripheral nerve research facilities with the hope that this will improve axon regeneration and extend the workable length of this repair tool. Many challenges must be overcome to achieve this goal including identifying the correct cell type, isolating and proliferating this cell, and seeding the cell into the allograft material. Current thinking has focused on autologous Schwann cells [2] , mesenchymal stem cells [23] , bone marrow stromal cells [6] , and skin derived precursor cells [52] . Regardless, a substantial amount of work must be accomplished before the potential of this idea can be maximized.
A direct comparison of the clinical results obtainable with acellular allograft repairs of nerve injuries versus those achievable with conduits is not possible based on the current literature. Though currently, only positive results on the clinical use of acellular nerve allograft have been published compared with mixed results for conduits, the disproportionate number of conduit studies may skew impressions. Animal data does seem to favor the allograft which seems to be effective at longer gap sizes than the conduits.
Conclusions and Recommendations
Both conduits and acellular allografts are useful tools for dealing with short nerve gaps. The convenience of either should facilitate adequate nerve debridement and the avoidance of over tensioned repairs. Though with time and mounting experience, the recommended maximum repair length of conduits seems to be decreasing while that of the acellular allograft seems to be increasing, the critical gap sizes for either tool are not known. Patients should be counseled that at least Fig. 4 Median nerve partially transected during endoscopic carpal tunnel release. a Appearance of nerve following debridement. b Allograft sutured in place with overlying nerve connectors in the research lab, autograft is still the gold standard but in the right situations, either conduits or acellular allograft can achieve equivalent or at least similar results making them excellent options for nonessential nerve repairs and something that should be at least considered for more important nerves. Though autograft donor deficits or complications are typically minimal or rare, significant problems can occur. This risk must be weighed against perceived effectiveness of conduits (for 1-2-cm defects in small diameter nerves or less in larger diameter nerves) and allografts ("off-the-shelf" option up to 5 cm). The exact roles of both tools in the nerve repair algorithm continue to be defined.
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